An attempt to quantify the effects of modifier gene polymorphisms on the operation of natural selection on a major locus has been carried out. The modifier system we have investigated is constituted by a set of polygenic modifier loci affecting the morphological expression of the Bare (Ba) bristle mutant of Drosophila subobscura. Ba is a dominant mutant that is lethal in homozygous condition and both the polygenic modifiers and Ba are located on the 0 chromosome of this species. Experimental populations were founded with Ba! + individuals and two different types of populations were started according to their modifier genetic background: populations with wild 0 chromosomes of either high or low modifier effect (cages H and L, respectively). Fitness estimates (total fitness, viability and fertility) for genotypes of the Ba locus were obtained under the two different modifier backgrounds. In the populations with high modifier background the total fitness of the Ba! + heterozygote was very similar to that of the +/+ homozygote (fitness equal to 1). However, in cages with low modifier background a strong selection against the Ba! + heterozygote was detected (average of total fitnesses over generations was 0.66±0.10), and fertility appears to be the fitness component responsible for this effect (mean fertility was 0.55 0.08). These findings demonstrate that modifier gene polymorphisms affecting the expression of the Ba mutant may be associated with large selective effects on the major locus.
Introduction
It has been suggested that modifier gene polymorphisms may provide an important source of variation for adaptive evolutionary change (McDonald & Ayala, 1978a,b; Laurie-Ahlberg et al., 1982; Templeton, 1982; Geer & Laurie-Ahlberg, 1984; LaurieAhlberg, 1985) . In fact, experimental evidence shows that high levels of modifier genetic variability frequently occur in natural populations of species such as Drosophila. Thus, polygenic modifiers affecting the phenotypic expression of morphological mutants (major loci) have been detected in many natural populations (Milkman, 1970; Thoday & Thompson, 1984; Thompson & Spivey, 1984; Alvarez et a!., 1990) . At the biochemical level, naturally occurring genetic variation of specific *Correspondence enzyme activities caused by activity modifiers has been reported for a large number of enzymes coded by structural loci (see Laurie-Ahlberg, 1985 , for a review). However, the adaptive significance of modifier gene polymorphisms remains largely undetermined because, to date, the selective effects of modifier loci on the structural or major locus have not been measured either for modifiers of enzyme activity or modifiers of morphological mutants.
The main goal of this paper is to quantify the selective effects of a set of polygenic modifier loci affecting the morphological expression of the Bare (Ba) mutant of D. subobscura. Bare is a dominant mutant located on the 0 chromosome (map position 54.7 cM) of this species that reduces variably the number of bristles of the fly and is lethal in homozygous condition (Koske & Maynard Smith, 1954; Sperlich et a!., 1977; Loukas et a!., 1979) . It has been demonstrated that 0 chromosomes derived from 404 natural populations show considerable genetic variation in modifier effect upon Ba expression (Alvarez et al., 1980 (Alvarez et al., , 1990 . The analysis of the genetic architecture of this modifier variability carried out using biometrical techniques for locating and mapping polygenes showed that the differences in modifier effect between a wild 0 chromosome of high modifier effect and a marker chromosome of low score can be explained by a relatively small number of polygenic modifier factors (Alvarez et al., 1981 (Alvarez et al., , 1990 . In addition, these modifier factors show a nonuniform distribution along the 0 chromosome and some indication of clustering around the major locus (Ba) (Alvarez et a!., 1981 (Alvarez et a!., , 1990 ). This particular genetic architecture suggests that the Ba locus together with the modifiers probably constitute a coadapted gene complex in such a way that this multilocus complex could be surely considered as a unit of selection.
In the present work, experimental populations (population cages) were founded with Ba! + individuals and two different types of populations with respect to the modifier genetic background of the 0 chromosome were started: populations with wild 0 chromosomes of either high or low modifier effect. Changes in the Ba! + frequency along generations were recorded in both types of experimental populations and were used to obtain fitness estimates to characterize the operation of natural selection on the Ba mutant under the two different modifier genetic backgrounds. The results obtained in the present work show that the polygenic modifier factors located on the 0 chromosome of D. subobscura affecting the expression of Ba mutant are producing very large selective effects on the major locus.
Materials and methods

Isogenic lines
A large number of 0 chromosomes were extracted from wild males caught in the natural population of El Pedroso (Santiago de Compostela, NW of Spain) by means of crosses with the chu-chu and Va!Ba strains according to the experimental design described by Zapata et a!. (1986) . The Va!Ba stock is a balanced lethal strain for the 0 chromosome of D.
subobscura, where Va (Varicose, wing venation mutant) and Ba (Bare) are two dominant morphological mutants, both lethal in homozygous condition (Koske & Maynard Smith, 1954; Sperlich et al., 1977; Böhm et a!., 1987) . The Ba chromosome of the Va/Ba strain carried the °ST chromosomal arrangement. The chromosomal arrangement of each one of the wild 0 chromosomes was identified by observation of polytene chromosomes. The modifier effect of these wild 0 chromosomes on the phenotypic expression of the Bare mutant caused by modifier polygenes located on the 0 chromosome was also evaluated by measuring the difference in mean number of bristles between Ba! + and Va/Ba individuals (see Alvarez et al., 1990) . Twelve bristles per individual (four scutellars, four dorsocentrals, two supra-alars and two postalars) of 30 BaI+ and 30
Va/Ba flies were scored in each one of three to four replicates to estimate the modifier effect of each chromosome. Moreover, the viability of the wild 0 chromosomes relative to the Va/Ba genotype was estimated. In this way, at the end of the isogenization procedure several isogenic lines for the 0 chromosome with the °ST chromosomal arrangement and extreme modifier scores were obtained (Table 1) . eclosed from the cages two sets of seven random cups from each cage were used to obtain two replicate populations for each one of the original cages:
H1 and H2, and L1 and L2.
The populations were sampled regularly by taking eggs and adults from the cages. Eggs were sampled by introducing three cups with fresh medium for 24 h in each cage. The sampling of adults was 
Statistical analysis
Population genotype frequencies in consecutive generations have been used to obtain reliable fitness estimates (Prout, 1969; Alvarez et al., 1984) . If genotypic frequencies are denoted by f, (i = 1, 2, 3 and j = 1, 2), being i = 1, i = 2 and i = 3 zygotes at generation t, adults at t and zygotes at t+ 1, respectively, and j = 1 and j = 2 Ba! + and + ! + genotypes, respectively, the estimates of viability (V), fertility (F) and total fitness (W) of the Ba/+ heterozygote relative tothe +!+ genotype (fitness equal to 1) are:
assuming random mating and sex-independent selection (Anderson, 1969; Polivanov & Anderson, 1969; Sved & Ayala, 1970) . These are maximum likelihood estimates and Polivanov & Anderson (1969) have obtained their asymptotic sampling variances for large samples when all the adults of the population are counted. In the general case, when a sample of the adult population is taken, the sampling variances of the fitness estimates are not available. However, these variances can be evaluated as the variances of a product of ratios taking into account that the two genotype samples involved in each fitness estimate (for example, zygotes and adults at t for viability) can be considered independent (see Connolly & Gliddon, 1984) . Then, the problem reduces to an evaluation of the variances of the ratios of terms of a binomial distribution which can be easily approximated by use of the Taylor's series expansion. In large samples, the asymptotic sampling variances of viability, fertility and total fitness for the heterozygote at an autosomal locus, lethal in homozygous condition, are approximately
where N1, N2 and N3 are the numbers of zygotes at t, adults at t and zygotes at t + 1, respectively. Selective differences between the Bai'+ and +!+ genotypes for viability, fertility and total fitness can be evaluated by means of approximate significance tests given that the fitness estimates are maximum likelihood estimates and, therefore, they are approximately normally distributed. lations in the rate of elimination of the Ba allele could be the result of, at least partially, fitness effects at loci in gametic disequilibrium with the Ba locus, which are independent of the genes that affect bristle number. Gametic disequilibrium between the Ba locus and linked loci could be generated by founder effect given the relatively low number of independently derived chromosomes used to start the populations. However, it must be considered that the wild chromosomes of high and low modifier effect used in the foundation of the experimental populations were very similar in fitness, at least for Estimates of egg-to-adult viability, fertility and total fitness of the Ba! + heterozygote relative to the +/+ genotype (fitness equal to 1) were obtained in each generation in cages H and L (Tables 2 and 3) . For fitness estimation the zygotic frequency of Ba! + heterozygotes was corrected as this frequency is estimated at the adult stage rather than the egg stage (see Sved, 1971 ). The null hypothesis of no selective differences between Ba!+ and +/+ genotypes was tested by means of two different statistical approaches: an approximate significance test based on the x2 distribution (see Materials and methods) and the 95 per cent bootstrap confidence intervals (Efron & Tibshirani, 1986) . In 88 of a total of 90 cases (97.8 per cent) the f-test and the bootstrap interval gave the same result and in only two cases was statistical significance obtained by the f-test but not by the bootstrap interval. Therefore, these two different statistical approaches give very similar results for which only the f-tests are given in Tables  2 and 3 . With respect to total fitness estimates, only seven of 17 values are statistically significant in cages H, and five of these values are less than one whereas two are more than one. In cages L, five of ten estimates are statistically significant and all these estimates are less than one. Therefore, a selective effect against the Ba! + heterozygote for total fitness appears to be present in cages L. This selective effect seems to be associated with the fertility component of the total fitness, because in cages L ten of 12 fertility estimates are statistically significant and in all these cases fertility is lower than unity. In egg-to-adult viability, some estimates are statistically significant but a difference between H and L cages is not observed. Table 4 shows the averages of estimates of viability, fertility and total fitness for the Ba!+ heterozygote over generations. The significance of these mean fitness values can be tested by means of the 95 and 99 per cent bootstrap confidence intervals estimated from the set of fitness values corresponding to the different generations of each experimental population. A clear effect of natural selection operating against the Ba! + heterozygote is observed in cages L for total fitness and fertility. In these cages, the averages of total fitness values of the Ba! + heterozygote are statistically significant and lower than one (0.75±0.13 and 0.53±0.14 for L1 and L2, respectively), whereas in cages H the total fitness values are not significant and are very close to one. This selective effect appears to result mainly from the fertility component, as the averages of fertility estimates are statistically significant and lower than one in cages L (0.63 and 0.44 0.06 for L1 and L2, respectively), whereas for cages H only the H1 population appears to present a weak selective effect (0.75 0.11).
Discussion
The results presented here demonstrate that differences in modifier genetic background appear to
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result in important differences in the operation of selection on the Ba locus ( Fig. 1; Table 4 ). In the experimental populations of high modifier background the total fitness of the Ba!+ heterozygote was practically equal to that of the + / + homozygote (average estimates were 0.92±0.15 and 0.99±0.11 in cages H1 and H2, respectively), whereas in cages of low modifier background a strong effect of selection against the Ba!+ heterozygote was detected (averages of total fitness estimates were 0.75 and 0.53 in cages L1
and L2, respectively).
The fitness component responsible for this selection effect seems to be fertility as a strong fertility selection against the Ba! + heterozygote is detected in cages of low modifier background (averages of fertility estimates were 0.63 and 0.44 in cages L1 and L2, respectively). This is not an unusual result because there are many cases in the literature where fertility selection is an important component of total selection (Polivanov & Anderson, 1969; Sved & Ayala, 1970; Sved, 1971; Bundgaard & Christiansen, 1972; Anderson et al., 1979) . On the other hand, our experimental design for fitness estimation splits total fitness into a component of preadult survival or egg-to-adult viability and into an adult fitness component or fertility. The fertility component includes several late fitness components such as male mating success, female fecundity and probably also an adult survival component but under our experimental design it is not possible to state clearly on which of these adult fitness components the selection is acting on the Ba/+ heterozygote. In addition, the population model for fitness estimation for lethal genes assumes sex-independent selection even though the adult fitness components such as sexual selection and fecundity will not be equal in the two sexes. Therefore, the obtained fertility estimates will be quite close to the averages of the selective values in the two sexes (Anderson, 1969) .
The effect of genetic background on the fitness of genotypes at a given locus has been demonstrated in many instances (see for example Polivanov, 1964; Jones & Yamazaki, 1974; McKenzie et al., 1982; McKenzie & Purvis, 1984) . Thus, this effect has been observed for morphological mutants, allozyme loci and others. In these cases, the genetic background produces changes in the fitness of genotypes at a given locus through fitness modifiers whose relationships with the main locus are unknown. The experiments reported here are substantially different from the classical experiments of genetic background because, in our case, we know that the studied modifiers are affecting the morphological expression of the Ba locus in such a way that the modifier background can be quantified in terms of phenotypic effects on the major locus. In this way, using a defined genetic background our experiment is mainly designed to evaluate the adaptive significance of the modifier variability, a type of genetic variability frequently occurring in natural populations (see Introduction) whose evolutionary meaning is not well known.
The selective effects generated by the polygenic modifiers on the Ba locus in the experimental populations can be directly related to the modifier genetic variability occurring in natural populations. This is possible because the modifier genetic background was accurately controlled in the foundation of the population cages and, in addition, because the distribution of modifier effects of 0 chromosomes in natural populations has been characterized (Alvarez et al., 1990) . Thus, the difference in modifier genetic background between H and L cages corresponds to approximately two standard deviations in the distribution of modifier effect in natural populations (standard deviation of modifier effect was 2.51 for°S T chromosomes from natural populations, see Alvarez et al., 1990) . This means that 0 chromosomes separated by approximately two standard deviations in their modifier effect in natural populations would be responsible for differences in selection coefficients of about 0.34±0.10 SE in total selection and 0.45±0.08 in fertility. These results demonstrate that the modifier gene polymorphism affecting the expression of the Ba mutant is producing large selective effects on the major locus. Therefore, our results suggest that the contribution of minor loci to the adaptive evolutionary change might in some cases be comparable to that of major genes. Obviously, the generality of our findings cannot be determined until further studies quantify the selective effects of other modifier gene polymorphisms.
